Abstract-We investigated the effects of anodal and cathodal electrical stimulation on wound healing. In a randomized controlled trial, we divided 42 male albino guinea pigs into two control (C1 and C2) and four experimental (E1-E4) groups. A 3 cm linear incision was made at the dorsal skin of all guinea pigs. A unidirectional pulse current of 300 to 600 microamperes, 80 pps, and 0.3 ms pulse duration was administered for 1 hour a day. In groups E1 and E3 (anodal), a positive polarity was applied for the first 3 days followed by negative polarity the remaining days. In groups E2 and E4 (cathodal), negative polarity was applied for the first 3 days and positive polarity the remaining days. Groups E1, E2, and C1 were killed on day 14 and E3, E4, and C2 on day 21. We measured the percentage of decrease in wound surface area (daily tracing) and tensile strength (on days 14 and 21). The results indicated that both cathodal and anodal stimulations increased the rate of wound closure. Beginning with day 12, we saw a significant difference in the percentage of the decrease in wound surface between all treatment and control groups (p < 0.05). Ultimate tensile strength and stress increased in the anodal compared with the cathodal and control groups; at the end of day 14, ultimate tensile stress in E1 was significantly greater compared with C1 (p < 0.05). We conclude that electrical stimulation, regardless of polarity regimen, benefits wound healing, but anodal stimulation the first 3 days and cathodal stimulation the remaining days can lead to stronger repaired tissue.
INTRODUCTION
An effective means of promoting wound healing is electrical stimulation [1] [2] [3] [4] . Despite many studies on wound healing, the application of electrical stimulation is still in its infancy because of the varied and inconsistent modes of stimulation used and results obtained among the studies [1] [2] . An important parameter of electrical stimulation in wound healing is the type of applied polarity, which may affect protein synthesis, cell migration, growth of bacteria, galvanotaxis, inflammation, edema, and also the processes of bioelectric events of injury [1] [2] 5] .
Through the years, different methods regarding the type of polarity have been used in research studies; in some, constant positive or negative polarities were applied throughout the healing period [6] [7] [8] . But most recent studies varied the type of treatment polarity during the healing process [9] [10] [11] [12] . Rowley et al. [13] and Barranco et al. [14] showed that negative polarity has antibacterial effects. Kloth and McCulloch [1] , Castillo et al. [8] , and Alvarez et al. [15] suggested the use of positive polarity to augment the migration and proliferation of epithelial cells and therefore hasten wound closing. Based on the antibacterial effect of negative polarity and the epithelialization effect of positive polarity, Brown et al. [9] and Bayat et al. [12] used negative polarity for the first 3 days and positive polarity for the remaining days of their studies.
Barker et al. [16] and Foulds and Barker [17] showed in both human and animal models that the external surface of the intact skin possesses a negative charge with respect to the deep epidermal layers. Ojingwa and Isseroff [3] , Burr et al. [18] , and Vodovnik and Karba [19] showed that during a skin injury, the normal situation is changed and a current of injury occurs and causes the wound to be positively charged.
Vodovnik and Karba [19] , Hampton and King [20] , and Nuccitelli [21] suggested that the endogenous bioelectric current of the wound has a regulatory role in the wound-healing process and that the use of exogenous electrical stimulation may mimic this endogenous current and improve wound healing.
In vitro and in vivo studies have reported that the application of positive polarity has some useful effects, including destruction of microorganisms [22] , increased migration and proliferation of the epithelial cells [1, 15] , increased attraction of macrophage cells to the wound site [1, 23] , and better simulation of endogenous currents of the wound [24] . Also, some useful effects of negative polarity include killing microorganisms [13] [14] , removing necrotic tissues due to decreasing pH of the wound environment [25] , limiting protein molecule infiltration and therefore limiting formation of edema in the injury site [26] , and increasing fibroblast cell proliferation and collagen synthesis [27] [28] .
Therefore, each of the current polarities on the wound site appear to be able to improve some parts of the healing processes, but until now, the most appropriate protocol for polarity application to improve wound healing was unknown.
Three basic treatment regimens for wound healing are commonly used today: direct current, pulsed current, and alternating current [29] . Pulsed current is a mechanism that reduces the electrothermal and electrochemical hazards of direct current application [29] . To investigate the effect of electrical stimulation on the attraction of positively or negatively charged cells toward an electric field of opposite polarity, we used unidirectional pulsed current (squared pulse).
In this study, we investigated and compared the effects of negative polarity the first 3 days followed by positive polarity the remaining days and vice versa on wound closing and the biomechanical parameters of wound tissue. We have not seen this protocol used in any other study.
MATERIALS AND METHODS

Subjects
We used 42 healthy male albino guinea pigs (Dunkin-Hartley; Pasteur Institute of Iran, Tehran, Iran) that were 4 to 6 months old and weighed 300 to 400 g. The animals were maintained in special cages under controlled conditions according to the experimental guidelines of Tarbiat Modares University. Up to 12 hours before the surgery, the animals had unlimited access to food. The Ethical Commission of Tarbiat Modares University approved the study.
Surgical Procedure
After weighing the animals, we prepared the anesthesia using a mixture of xylazin (20 mg/mL) and ketamine hydrochloride (100 mg/mL; 1 to 8 cc, injection of 1 cc/kg) [9] . The hair on the middle part of the back of the guinea pig was shaved and then the area was antisepticised with betadine. Following the sterilization, we made a fullthickness incision, 3 cm long at a distance of 1 cm from the spine, on the right side of the paravertebral region (Figure 1) . Twenty-four hours after the incision, we measured the size of the wound surface using transparent Figure 1 . Sample of full-thickness skin wound on guinea pig 1 day after incision. plastic paper and used the obtained measurements for the calculations subsequently described in the "Measurement Procedures" section.
Treatment Protocols
The animals were randomly divided into six groups: two control groups (C1 and C2) and four experimental groups (E1-E4). Each control group contained five animals and each experimental group contained eight. The C1 group was studied for 14 days and the C2 group for 21 days. The four experimental groups (E1-E4) consisted of two groups that were studied for 14 days (E1 and E2) and two groups that were studied for 21 days (E3 and E4). In E1 and E3 (anodal), positive polarity was applied over the wound for the first 3 days and then negative polarity for the rest of the treatment period. In E2 and E4 (cathodal), negative polarity was applied for the first 3 days and then positive polarity for the rest of the treatment period. In all control and experimental groups, electrodes were similarly placed on the wound site, but the current applied in C1 and C2 was zero. Treatment began 24 hours after the wound was induced. Through an isolator device (model ss 104-j; Nihon Kohden Corporation, Shinjuku-ku, Tokyo, Japan), we applied the calibrated current to the animal's skin. Interrupted unidirectional pulsed current was used daily for 1 hour; this squared pulse had a frequency of 80 Hz and duration of 0.3 ms, with an intensity between 300 and 600 μA. These stimulation parameters were used in a previous study and found to provide a comfortable treatment that is well tolerated by animals [30] [31] . Afterward, the animals were immobilized with a restrainer device and then stimulated for 1 hour. The electrical current was applied 1 hour daily and continued for 14 or 21 days, based on group. Carbon rubberized electrodes (2 × 3 cm 2 ) were placed on sterile pads moistened with saline solution. The active electrode (cathode or anode, depending on group) was placed on the incision (wound area) and the inactive electrode was placed on the opposite-site shaved area, 5 cm proximal from the wound.
Measurement Procedures
The percentage of decrease in wound surface area (%↓WSA) from the wound size measured during initial evaluation was calculated for each animal. To improve the accuracy of these measurements, we traced each wound three times. Tracing was performed with transparent plastic paper. The area was calculated by planimetry. We identified the tracings by code numbers to exclude observer bias. We also recorded the day that the wound area closed in order to calculate the time required for wound closing. After completion of the treatment period, the animals were killed by inhalation of chloroform and tissue samples were collected for use in the tensiometry test. The E1, E2, and C1 groups were killed on day 14 and the E3, E4, and C2 groups on day 21. The tissue samples, which were 5 to 7 cm long and 3 cm wide, were taken vertically to the initial incision. To avoid measurement errors caused by tissue differences among the animals of each group and to establish an intra-animal control for higher precision [32] , we took from each animal a wound sample and a sample of adjacent healthy skin. We used the latter sample to normalize the biomechanical characteristics of the wound. To reduce tissue changes and preserve the natural condition of the tissues, we placed the samples in a normal saline solution (0.9%) before tensiometry testing [12] .
The uniaxial tensile test was performed by tensiometer (model Z 2.5; Zwick Gmbh & Co, Ulm-Einsingen, Germany). The rate of the tensile test was 20 mm/min. After the test, load-deformation and stress-strain curves were obtained [33] . To evaluate the efficacy of different protocols, we measured and analyzed the parameters of (1) ultimate tensile stress (newtons/square millimeter), derived from the ultimate load divided by the original unstrained cross-sectional area; (2) ultimate tensile strength (F max ) (newtons), the load that causes a structure to fail; and (3) the area under the load-deformation curve (newton millimeters), the amount of work done by the deforming load.
Data Analysis
After the data collection, we normalized the measures related to stress and F max using the Equation
After normalizing, we used the Kolmogorov-Smirnov test to identify the normal distribution. The results showed that the data had normal distribution. One-way analysis of variance and an independent-samples t-test were used to compare the data related to ultimate tensile stress, F max , area under load-deformation curve, duration of wound closure, and %↓WSA on various days among the groups.
RESULTS
The wound surface and biomechanical parameters were analyzed. We evaluated the tissue tensile strength by the variables F max (ultimate tensile strength), stress (ultimate tensile stress), and area under load-deformation curve (work to F max ).
Wound Area Measurements
Percentage of Decrease in Wound Surface Area
As already mentioned, to normalize the available differences in initial wound size among groups, we expressed the measurements of the wound surface as %↓WSA. The %↓WSA from the wound size measured during the initial evaluation was calculated for each subject.
1. In the 14-day groups, the %↓WSA was greater in E1 and E2 than in C1 from day 12 on (p < 0.05). (Table 1 ). 2. In the 21-day groups, the %↓WSA in E3 and E4 significantly differed from C2 from day 12 on (p < 0.05) ( Table 2) .
Duration of Wound Closure 1. On day 14, the wound had not closed completely in any group. 2. On day 21, the duration of wound closure in E3 and E4 significantly differed from C2 (p < 0.05), but no significant difference was seen between E3 and E4 ( Figure 2) . Table 1 .
Wound area parameters (mean ± standard deviation) in 14-day experimental (E) and control (C) groups.
Parameter Group Anodal (E1)
Cathodal ( 
Tissue Biomechanical Parameters Measurements
We report the results related to the normalized amounts of ultimate stress, F max , and area under loaddeformation curve. Note that all tensile strength testing measurements were performed at the end of days 14 and 21. The smaller normalized amounts obtained indicate that the actual amounts of the parameter are greater. The amounts of biomechanical parameters are expressed as normalized parameters in Tables 1 and 2 .
Tissue Ultimate Tensile Stress 1. On day 14, the normalized amount of tensile stress was significantly different between E1 and C1 (p < 0.05), but no difference was seen between groups E1 and E2. E2 and C1 were not statistically significantly different (Figure 3 ).
On day 21
, the averaged normalized amount of ultimate tensile stress was greater in anodal group E3 and cathodal group E4 than in control group C2, but this difference was not statistically significant ( Table 2) .
Ultimate Tensile Strength
1. On day 14, the normalized amount of F max was smaller in E1 with respect to the E2 and C1, but this difference was not statistically significant ( Table 1) .
2. On day 21, the normalized amount of F max was smaller in E3 with respect to E4 and C2, but this difference was not statistically significant ( Table 2) .
Area Under Load-Deformation Curve 1. On day 14, the normalized amount of area under the load-deformation curve (up to the peak point) was smaller in E1 compared with C1, but this difference was only marginally significant (p = 0.06). The difference between E1 and E2 was not statistically significant ( Table 1) . 2. On day 21, no difference in normalized amount of area under the load-deformation curve was observed among the E3, E4, and C2 groups.
DISCUSSION
This study compared the effects of two basic protocols of applied stimulus polarity on healing of skin wounds at two different time points. Important findings concerning wound surface area were obtained on days 14 and 21; a difference in %↓WSA was observed among all treatment versus control groups, and this difference was significant from day 12 on.
Based on the results of this study, the application of electrical stimulation, regardless of the applied polarity regimen, can lead to greater and faster decreases in wound surface area.
Assimacopoulos [6] in 1968 and Bigelow et al. [7] in 1979 reported that the application of a negative direct Normalized amount of tensile stress (mean ± standard error of the mean) on day 14 in experimental (E) and control (C) groups. current, with respect to control group, caused greater decrease and faster closing of the wound surface. In 1983, Alvarez et al. used a positive polarized current and reported that after 4 days, wound epithelialization occurred faster in the stimulated animal group than in a control group [15] . The findings of Brown et al. [9] in 1995, Taskan et al. [11] in 1997, and Demir et al. [34] in 2004 showed that the use of negative polarity for the first 3 days followed by positive polarity during the remaining study period caused a greater decrease of the wound surface, with respect to a control group.
As mentioned in the "Introduction" section, each of the treatment polarity regimens appears to be able to induce useful changes in the wound healing process; in other words, both the positive and negative polarities can improve some parts of the healing process and therefore prepare the condition for better and faster healing. Similar to the findings of other studies, the results of this study show that electrical stimulation, regardless of the polarity regimen used, has meaningful effects on the decrease in wound surface area and the duration of wound closure.
Brown et al. evaluated the effect of different regimens of polarity application and reported that the use of negative polarity for the first 3 days followed by positive polarity significantly affects wound surface closing [35] .
Taskan et al. [11] and Demir et al. [34] used negative polarity for the first 3 days and then positive polarity up to the end of their study periods and reported that electrical stimulation with related protocols shortens the inflammatory stage and hastens healing progression into the proliferation stage. On the other hand, the effect of positive polarity on attraction and greater proliferation of epithelial cells is reported in various articles [1, [3] [4] 35] . On day 14 of our study, the amount of the ultimate tensile stress in E1 compared with C1 significantly increased. Even though the amount of ultimate tensile stress and F max were greater in E1 with respect to E2, these differences were not significant. Regarding galvanotaxic effects of negative polarity in attraction and proliferation of fibroblast cells [27] [28] , electrical stimulation application in E1 appeared to cause more attraction and proliferation of fibroblast cells in the wound site. Normally, by the second or third day after wounding, fibroblast cells begin to proliferate and synthesize collagen fibers, raising collagen levels continually for approximately 3 weeks [36] . So, the use of negative polarity in the anodal groups (E1 and E3) after day 3 appears to have caused greater collagen synthesis.
A comparison of the results of day 21 showed that ultimate tensile stress and strength in the anodal group E3 with respect to two other groups (E4 and C2) were greater but not significantly so. Comparison of the findings in all anodal experimental groups showed that the collagen deposit appears to be greater and to cause an increase in early breaking strength of the wound tissue, but after day 21, the amount of collagen itself cannot make a significant difference in the tensile strength of the wound tissue. Increased tissue strength during the remodeling stage of healing is mainly associated with proper alignment of collagen fibers [37] . The absence of proper alignment made no significant difference, and electrical stimulation with the given protocol in this study did not seem to affect the tissue maturation or orientation of the collagen fibers.
Histological studies should be performed to confirm these findings especially for collagen density and alignment. One should note that although no significant difference was seen in the tissue breaking strength between groups at the end of day 21, this result does not preclude the use of electrical stimulation in skin wounds because, based on the results of this study and other works, electrical stimulation can improve the breaking strength of the wound at the earlier stages. Since the skin wound is more susceptible to further damage during the proliferation stage, increasing the wound strength and hastening wound closure can better protect the granulated tissue and wound against rupture and infection, which are very important clinically. This beneficial effect will be important in chronic nonhealing wounds that do not respond to standard care. The recent decision of the Centers for Medicare and Medicaid Services to allow reimbursement for electrical stimulation treatment of chronic ulcers means that the dermatologic practitioner will likely become more familiar with this novel treatment approach and that wound-care centers will include this option for recalcitrant ulcers [29] .
CONCLUSIONS
The results of this study indicate that electrical stimulation, regardless of polarity regimen, can lead to significantly decreased wound surface and earlier closure. Applying electrical stimulation according to the parameters given in this study for at least 12 days appears to lead to a significant difference in wound surface decrease, but applying anodal stimulation on the first 3 days and then following with negative polarity for the rest of the treatment period may lead to stronger repaired tissue.
To better understand the affecting mechanisms of electrical stimulation on the wound healing process, we further suggest measuring electrical potential at the wound site throughout healing and evaluating biochemical and histological factors.
